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ABSTRACT 
The Space Power and Propuls ion  Sec t ion  has been under c o n t r a c t  s i n c e  
A p r i l  29, 1965 t o  the  Nat ional  Aeronaut ics  and Space Adminis t ra t ion  for t he  
design,  f a b r i c a t i o n ,  and t e s t i n g  of j ou rna l  bear ings  which possess  charac- 
terist ics r equ i r ed  f o r  u s e  i n  space power s y s t e m s .  Requirements i nc lude  
I t  I I  long term unat tended ope ra t ion  under zero  
v i s c o s i t y  l u b r i c a n t s  such as potassium l i q u i d  at iai i iperatures up t a  1300'F. 
g cond i t ions  us ing  low k inemat ic  
I 
The program r e p r e s e n t s  a con t inua t ion  of work carried o u t  under c o n t r a c t  
NAS 3-2111, and involves  the  t e s t i n g  and e v a l u a t i o n  of bear ings  under 
cond i t ions  of angu la r  and t r ansve r se  l i n e a r  misalignment,  and non-r ig id  
bea r ing  suppor t s .  The four-pad pivot-pad and the  three- lobed j o u r n a l  bear ings  
sha l l  be t e s t e d  a f t e r  t h e  bear ing  t e s t  assembly inc lud ing  in s t rumen ta t ion  have 
demonstrated the  a b i l i t y  t o  o b t a i n  the r equ i r ed  d a t a .  
The program w i l l  be a con t inua t ion  of  experimental  i n v e s t i g a t i o n s  
p a r a l l e l e d  by a n a l y t i c a l  s t u d i e s .  These a n a l y t i c a l  i n v e s t i g a t i o n s  w i l l  
compare the phys ica l  t e s t i n g  of bear ing  parameters  w i t h  r e s u l t s  based on 
t h e o r e t i c a l  assumptions.  The goa l  of  such experiments is  t o  g e n e r a l i z e  t h e  
va r ious  bea r ing  parameters  thereby extending the  use fu lness  of the resu l t s  
as  des ign  t o o l s .  The experimental  t o o l  of t h i s  program is a h igh  speed test 
assembly comprised of a r o t o r  and two tes t  bear ings  which permi ts  interchangea-  
b i l i t y  of bear ings  and r o t o r .  
t u r e - c o n t r o l l e d  to s imula t e  the kinematic  v i s c o s i t y  of potassium l i q u i d  a t  
The l u b r i c a n t  w i l l  be d i s t i l l e d  water, tempera- 
teameratures up t o  600'. 
. 
The s p e c i f i c  requirements  of t he  system are:  
1. S h a f t  speed 3600 t o  30,000 rpm 
2. I n l e t  l u b r i c a n t  temperature  70 t o  150'F 
3. I n l e t  l u b r i c a n t  supply p r e s s u r e  0 to  150 p s i a  
4 .  Bearing l i n e a r  misalignment 
5. Bearing angu la r  misalignment 
6. Nominal bea r ing  d iameter  1.25 i n .  
0 t o  0.004 + 0.0005 i n .  
0 t o  400 + 12 sec. 
- 
- 
7 .  Bearing L/D r a t i o  1 
8 .  Diametral c l e a r a n c e  0.005 i n .  
The program w i l l  be performed i n  t w o  t a s k s ,  t he  f i r s t  of  which w i l l  be 
t h e  modi f ica t ion  of t h e  e x i s t i n g  bea r ing  test  assembly and in s t rumen ta t ion  
and a demonstrat ion of t h e  a b i l i t y  t o  o b t a i n  a c c u r a t e  d a t a ,  Task I1 W i l l  
i nvolve  t e s t i n g  and a n a l y s i s  of t h e  four-pad pivot-pad and three- lobed  bea r ings .  
The p resen t  r e p o r t  covers  p rogres s  du r ing  the  q u a r t e r  ending  A p r i l  29, 
1966. 
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SUMMARY 
During t h i s  r e p o r t i n g  i n t e r i m  the bear ing  test r i g  w a s  t r a n s f e r r e d  from 
the  Research and Development Center  i n  Schenectady, N e w  York t o  the  Space 
Power and Propuls ion  S e c t i o n  f a c i l i t i e s  i n  Evendale, Ohio. A l l  p r o j e c t  
purchased hardware was r e l o c a t e d  and f a c i l i t y  modi f ica t ion  t o  accep t  t h e  
I 
I 
new test  r i g  and i t s  a s s o c i a t e d  equipment was i n i t i a t e d .  
The des ign  of a s e l f - a l i g n i n g  pivoted-pad bear ing  wi th  two va lues  of 
pre loading  was completed and manufacturing w a s  begun. F a b r i c a t i o n  of a 
three- lobed  bea r ing  and a back-up t e s t  s h a f t  was a l s o  i n i t i a t e d .  A d e c i s i o n  
t o  employ o p t i c a l  t o o l i n g  f o r  t he  determinat ion of the  s p e c i f i e d  cond i t ions  
of both angu la r  and t r a n s v e r s e  misalignment of the  test bear ings  was made, 
and the  r equ i r ed  equipment was ordered .  
Seve ra l  pretest  f e a s i b i l i t y  and c a l i b r a t i o n  tests of both f o r c e  and 
displacement  measurements were accomplished. 
A d i g i t a l  da t a  record ing  s y s t e m  w i l l  be employed t o  record  dynamic 
bearin 'k characterist ics.  
t h i s  technique  of d a t a  a c q u i s i t i o n  has been e s s e n t i a l l y  completed, and pro- 
curement of t h e  necessary  components is  i n  process .  
The des ign  of t h e  equipment necessary t o  accomplish 
An a n a l y s i s  of t h e  preloaded pivoted pad bea r ing  was made t o  guide test 
p lanning .  
unbalance i s  presented .  
Rotor bea r ing  response d a t a  over ranges of speed, s i d e  load  and 
The program schedule  is shown i n  Figure 1. 
-xi- 
Forecas t  
During t h e  next  q u a r t e r ,  t h e  f a b r i c a t i o n  of test bear ings  and the  
modi f ica t ion  of t h e  e x i s t i n g  components w i l l  be completed. The test 
f a c i l i t y  and a s s o c i a t e d  equipment w i l l  be completed and i n s t a l l e d .  
p r e t e s t  c a l i b r a t i o n  w i l l  be f i n i s h e d  and the test r i g  w i l l  be checked o u t .  
A l l  
I n  add i t ion ,  the  r o t o r  response program and t h e  d a t a  r educ t ion  program 
w i l l  be canple ted  and checked. The va r ious  tes t  parameters and t h e  t es t  
plan w i l l  a l s o  be completed. 
-xii- 
I .  MECHANICAL DESIGN 
During t h i s  qua r t e r ,  a d e c i s i o n  t o  use o p t i c a l  techniques t o  set  t h e  
cond i t ions  of bear ing  misalignment w a s  made and t h e  r equ i r ed  components were 
ordered .  The des ign  of t h e  s e l f - a l i g n i n g  p ivoted  pad bea r ing  was completed 
and p laced  on o rde r .  Also being f a b r i c a t e d  dur ing  t h i s  i n t e r i m  were t h e  
backup test s h a f t  and t h e  two r equ i r ed  t h r e e  (3) lobed bear ing  assembl ies .  
I n  a d d i t i o n ,  several i t e m s  r equ i r ed  f o r  c a l i b r a t i o n  and/or  f e a s i b i l i t y  tests 
were completed and necessary  t e s t i n g  performed. 
1. Bearing Alignment 
A s  i n d i c a t e d  i n  t h e  Abs t r ac t  of t h i s  r epor t ,  t he  program requirements  
s p e c i f y  t h a t  t h e  bear ings  be t e s t e d  under cond i t ions  of angular  and/or 
t r a n s v e r s e  misalignment of 400 + 1 2  seconds and/or 0.004 + 0.0005 inch,  
r e s p e c t i v e l y .  The l o s s  of bea r ing  c l ea rance  r e s u l t i n g  from d i f f e r e n t  
combinat ions of t hese  misalignments a r e  shown i n  F igure  2, which a l s o  i n -  
d icates  tha t  t h e  cond i t ion  of angu la r  misalignment is  t h e  more s e r i o u s  
c - 
problem. The loss of bear ing  d iamet ra l  c l ea rance  due t o  angu la r  misal ign-  
ment i s  approximately s i x  t i m e s  g r e a t e r  t han  t h a t  due s o l e l y  t o  t h e  t r ans -  
ve r se  misalignment cond i t ion .  
Three al ignment  systems have been eva lua ted  f o r  s e t t i n g  t h e  p re sc r ibed  
11 misalignment dur ing  test r i g  assembly. The f i r s t  is  t h e  P ro f i co rde r "  * (Figure 3) 
d e s c r i b e d  i n  r e f e r e n c e  1 . I t  comprises a n  extremely a c c u r a t e  r o t a t i n g  
s p i n d l e  (less than  3 micro inch  run ou t )  w i th  a con tac t  s ens ing  head which 
e l e c t r o n i c a l l y  r eco rds  t h e  s u r f a c e  contour  on a p o l a r  c h a r t .  A s i m i l a r  
a v a i l a b l e  t r a c i n g  ins t rument ,  t h e  "Talyrond'** (Figure 4) was a l s o  i n v e s t i g a t e d .  Th i s  
** Model - 50 llTalyrondlt ,  Man -Rank Taylor Hobson 
-1- 
inst rument  has a r o t a t i n g  s p i n d l e  of the  same accuracy as  the  P r o f i c o r d e r  
and employs a p i v o t i n g  ex tens ion  arm attached to  the s p i n d l e  f o r  s e n s i n g  
t h e  s u r f a c e  contour  t o  be  measured. 
Both of these al ignment  methods r e q u i r e  removal of t h e  test r i g  from 
t h e  support  s t r u c t u r e  and set up on t h e  above t r a c i n g  in s t rumen t .  I n  
a d d i t i o n ,  misalignment must be determined by contour  measurement i n  Seve ra l  
p lanes  normal t o  the bea r ing  a x i s ,  w i t h  subsequent i n t e r p r e t a t i o n  and 
remeasurement t o  o b t a i n  t h e  necessary  misalignment s e t t i n g  f o r  t h e  t es t .  
A t h i r d  al ignment  method has  been i n v e s t i g a t e d  which  promises g r e a t e r  
accuracy  r ega rd ing  angu la r  misalignment and cons ide rab le  i n c r e a s e  i n  ease 
of adjustment  r ead ing  of misalignment.  The technique  invo lves  use  of  a 
micro-alignment t e l e scope  i n  con junc t ion  wi th  very p r e c i s e  t a r g e t s ,  
capable  of measuring squareness  of t h e  t a r g e t ’ s  s u r f a c e  t o  t h e  t e l e s c o p e  
a x i s  by e i t h e r  a u t o - r e f l e c t i o n  o r  au to -co l l ima t ion ,  i n  a d d i t i o n  t o  deter- 
mining l i n e a r  t r a n s v e r s e  measurements. Much of the  accuracy  of such a n  
o p t i c a l  measuring system is  dependent upon t h e  accuracy  t o  which t h e  t a r g e t s  
are f a b r i c a t e d ,  and the means f o r  l o c a t i n g  these t a r g e t s  i n  or  on t h e  i t e m  
t o  be inspec ted .  The s e l e c t e d  t a r g e t  des ign  c o n t a i n s  narrow c r o s s - h a i r s  
and concen t r i c  circles, t h e  c e n t e r  of  which is l o c a t e d  w i t h i n  20 micro-inches 
of t r u e  c e n t e r .  I n  a d d i t i o n ,  the  r e f l e c t i n g  s u r f a c e  of the t a r g e t s  w i l l  be 
square  t o  c e n t e r l i n e  of t h e  t a r g e t  h o l d e r  w i t h i n  + 1 second of  a r c .  Loca t ion  
of t h e  t a r g e t  holder i n s i d e  t h e  bore  o f  t h e  va r ious  tes t  b e a r i n g  conf igura-  
t i o n s  wi th in  20 micro-inches i s  accomplished by u t i l i z i n g  a t ape red  e x t e r n a l  
s u r f a c e  (0.00025 inch  per  i nch  of l e n g t h ) ,  
- 
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A comparison of the.above three methods f o r  measuring t h e  a l i ,gment  of 
t h e  test r i g  was undertaken. The basis f o r  such a comparison was t h e  t o t a l  
p o s s i b l e  e r r o r  r e s u l t i n g  from each alignment conf igu ra t ion  and t h e  t o l e r a n c e s  
of t h e  equipment,in a d d i t i o n  t o  the es t imated  r e a d a b i l i t y  of t h e  d a t a  re- 
s u l t i n g  from the  in spec t ion  media.* The comparative cond i t ions  were (1) zero  
alignment,  ( 2 )  f o u r  m i l s  t r a n s v e r s e  misalignment w i t h  ze ro  angu la r  misal ign-  
ment, and (3) a combination of both four  m i l s  t r a n s v e r s e  and 400 seconds 
angu la r  misalignment.  The r e s u l t s  of the i n v e s t i g a t i o n s  are l i s t e d  i n  
F igure  5 and i n d i c a t e  t h a t  all three techniques w i l l  r e so lve  t r a n s v e r s e  
l i n e a r  movement wi th in  46 t o  126 micro-inches from t r u e  c e n t e r .  
i t  can be seen t h a t  the  o p t i c a l  t o o l i n g  has the advantage of g r e a t e r  poten- 
t i a l  accuracy regard ing  angular  s e t t i n g s .  Resolut ion of a n  angu la r  p o s i t i o n  
However, 
u s ing  t h e  t e l e scope  target assembly i s  f e a s i b l e  wi th in  e i g h t  seconds of 
t r u e  p o s i t i o n .  A d i s t i n c t  advantage of t h e  o p t i c a l  t o o l i n g  is t h a t  one can 
see the movement of the  bear ings  w h i l e  e s t a b l i s h i n g  a s p e c i f i e d  p o s i t i o n .  
Both of the t r a c i n g  techniques y i e l d  a n  envelope p a t t e r n  from which the 
c e n t e r  can  bedetermined. The bear ing  assembly mus t  then be moved and the  
contour  t r a c i n g  r epea ted  i n  o rde r  t o  de f ine  the  new l o c a t i o n .  To add t o  
the d i f f i c u l t y  of making adjustment  i n  l o c a t i o n  is the  f ac t  t h a t  t h e  traces 
f o r  a n g u l a r  s e t t i n g s  w i l l  be t h a t  of a n  e l l i p s e .  Not only is the  o p t i c a l  
t o o l i n g  convenient  t o  use,  bu t  eliminates t r a n s p o r t i n g  of the test r i g  from 
the test s i te .  Based on the aforementioned f ind ings ,  the  o p t i c a l  t o o l i n g  
technique  appears  t o  b e s t  s a t i s f y  t h e  requirements of the  program and has 
t h e r e f o r e  been selected as the  media through which cond i t ions  of  a l ignment  
w i l l  be r e so lved .  
* Source material f o r  t h i s  comparison w a s  ob ta ined  from t h e  r e s p e c t i v e  
manufac turers  and from d e t a i l e d  d i scuss ions  with t echn ic i ans  s k i l l e d  i n  
t h e  o p e r a t i o n  of each p i ece  of  i n s p e c t i o n  t o o l i n g .  
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The proposed method of e s t a b l i s h i n g  bear ing  alignment i s  t o  mount t h e  
t e l e scope  and i t s  mounting assembly a t o p  t h e  modified ins t rument  housing 
1 
(F igure  6 ) .  A r e f l e c t i n g  t a r g e t  assembly w i l l  t hen  be assembled i n t o  t h e  
bore of t h e  upper t es t  bear ing .  The upper t es t  bea r ing  w i l l  serve as a 
r e fe rence  p o s i t i o n  s i n c e  t h e  upper bear ing  housings are f i x e d  by p ins  and 
a l o c a t i n g  diameter .  Squareness of t h e  a x i s  of t h e  t e l e scope  t o  t h e  p lane  
of t h e  r e f l e c t i n g  t a r g e t  (by us ing  t h e  p r i n c i p l e  of au toco l l ima t ion )  and 
co inc ident  c e n t e r l i n e s  ( t e l e scope  and t a r g e t )  w i l l  t hen  be se t .  
The p r i n c i p l e  of au toco l l ima t ion  i s  depic ted  i n  F igure  7 . An image 
i s  p r o j e c t e a b y  l i g h t  r a y s  from t h e  po in t  'P' on to  t h e  r e f l e c t i n g  mi r ro r .  
When the  mir ror  i s  a t  90' t o  t h e  d i r e c t i o n  of  t h e  image r a y s ,  t hey  are 
r e f l e c t e d  e x a c t l y  t o  t h e i r  source ,  superpose themselves on t h e  p ro jec t ed  
image. Autocol l imat ion i s  independent of t h e  d i s t a n c e  "L" between t h e  
o b j e c t i v e  and t h e  mir ror  s i n c e  i t  i s  performed with t h e  f o c a l  l e n g t h  "f" 
being s e t  a t  i n f i n i t y .  
Figure 7 d e p i c t s  t h e  cond i t ion  when t h e  mi r ro r  i s  a t  ang le  x/2 t o  
t h e  d i r e c t i o n  of t h e  image r a y s .  The r e f l e c t e d  image r e t u r n s  a t  ang le  x ,  
a d i s t ance  P-P' from t h e  real image a t  P. 
Coincident alignment of t h e  c e n t e r l i n e s  i s  ob ta ined  by t r a n s v e r s e l y  
moving the  t e l e scope  u n t i l  i t  i s  co inc iden t  wi th  t h e  t a r g e t  i n  t h e  t o p  bea r ing  
(superposing c r o s s h a i r s ) .  The t a r g e t  i s  then  t r a n s f e r r e d  t o  t h e  lower test  
bear ing ,  and t h e  lower bea r ing  housing i s  a d j u s t e d  u n t i l  i t  a l s o  co inc ides  
with the  common c e n t e r l i n e .  
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Sketches of t h e  d e s i r e d  target conf igu ra t ions  and a s u i t a b l e  mounting 
arrangement (F igures  8, 9 ,  and 10) along wi th  a complete set of s p e c i f i -  
c a t i o n s  f o r  t h e  micro-alignment t e l e scope  were s e n t  t o  va r ious  o p t i c a l  
t o o l i n g  manufacturers  f o r  cos t  quotes .  The estimates f o r  t h e  r equ i r ed  
components have been rece ived  and an order  w a s  p laced.  Del ivery of a l l  
hardware i s  scheduled f o r  J u l y  1, 1966. 
2. Tes t  Equipment Procurement 
A .  Force Measurement Hardware 
A des ign  s tudy  w a s  i n i t i a t e d  t o  modify t h e  e x i s t i n g  bear ing  housing 
assembl ies  t o  accept  q u a r t z  c r y s t a l  fo rce  t r ansduce r s  r a t h e r  than s t r a i n  
gaged f o r c e  but tons .  Reasons f o r  t h i s  change i n  t h e  f o r c e  monitor ing 
equipment are d i scussed  i n  t h e  Ins t rumenta t ion  Sec t ion  of t h i s  r e p o r t .  The 
p i e z o e l e c t r i c  load  ce l l  s e l e c t e d  f o r  i nco rpora t ion  i n t o  t h e  r i g  i s  the 
Kis t le r  f o r c e  t r ansduce r  - Model #902A, as shown i n  F igure  11. Completion 
of both t h e  des ign  e f f o r t  and t h e  d e t a i l e d  manufacturing p r i n t s  are 
expected dur ing  t h e  f i r s t  week i n  May. 
B. Three-Lobed Bearing 
The requirements  of t h e  present  c o n t r a c t  s p e c i f y  a three- lobed 
bea r ing  c o n f i g u r a t i o n  t h a t  when assembled wi th  t h e  t e s t  s h a f t  w i l l  r e s u l t  
i n  a 5 m i l  d i ame t ra l  clearance. 
be u t i l i z e d  because t h e  assembled condi t ion  y i e l d s  only  a 3 m i l  d i ame t ra l  
clearance. The re fo re ,  t h e  machining drawing w a s  modified t o  t h e  r equ i r ed  
The previous ly  t e s t e d  design'') cannot 
("Reference 3. 
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conf igu ra t ion  wi th  cop ie s  submit ted t o  var ious  vendors f o r  c o s t  quo te s  
(Figure 12). 
with  t h e  d e l i v e r y  of  two bear ing  assemblies  scheduled f o r  June 30, 1966. 
The estimates have been rece ived  and an o r d e r  has  been p laced ,  
C. Second Tes t  Sha f t  
The backup test s h a f t  f o r  t h e  h igh  speed test  r i g  w a s  f a b r i c a t e d  
i d e n t i c a l  t o  t h e  f i r s t .  The i n t e g r a l  j o u r n a l  d iameters  are 1.2500 - 1.2499 
inches  and when mated with t h e  bea r ing  s l e e v e s  w i l l  provide a nominal 
d iamet ra l  c learance  of  5 m i l s .  R e s u l t s  from t h e  100 percent  i n s p e c t i o n  
of t h e  s h a f t  i n d i c a t e d  t h a t  a l l  drawing requirements  w e r e  f u l f i l l e d .  A 
p o r t i o n  of t h a t  i n s p e c t i o n  record  i s  l i s t e d  below while  F igure  13 shows 
a c t u a l  recorded traces of t h e  j o u r n a l  d iameters .  
Condition 
Roundness 
Concen t r i c i ty  
Taper 
P l a t i n g  Thickness 
Surface F in i sh  
SDec i f i ca t ion  ( i n )  
0.000050 FIR 
0.000300 FIR 
0.000050 FIR 
0.0050 Nominal 
8AA 
Actual  ( i n )  
0.000050 
0.000020 
0.0000 50 
0.005 + 0.00025 
5AA 
- 
D. Self-Aligning Pivoted  Pad J o u r n a l  Bearing 
The d e t a i l  manufactur ing drawings f o r  t h e  s e l f - a l i g n i n g  pivoted-  
pad jou rna l  bear ing  assembl ies ,  r e f e r e n c e  2 ,  (F igure  14)  were completed 
and submitted t o  s e v e r a l  vendors f o r  c o s t  quotes .  These estimates inc luded  
e x t r a  pads, p ivo t  p i n s  and c o n t a c t i n g  d i s k s .  Seve ra l  b i d s  were r ece ived ,  
t h e  vendor s e l e c t e d  and an o rde r  w a s  p laced  wi th  t h e  d e l i v e r y  of a l l  components 
scheduled by J u l y  1, 1966. 
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3. Relocat ion of Program T e s t  R i g  
A l l  tes t  r i g  equipment procured on NASA Con t rac t s  NAS 3-2111 and 
NAS 3-6479 w a s  r e l o c a t e d  from t h e  General E lec t r ic  Company, Research and 
Development Center i n  Schenectady, N e w  York t o  t h e  Space Power and Propuls ion 
S e c t i o n ’ s  f a c i l i t i e s  i n  Evendale, Ohio. A t e s t i n g  area i s  being prepared 
i n  Bui lding 314 t o  accept  t h e  high speed test  r i g  and i t s  a s s o c i a t e d  hardware. 
The design and procurement of t hose  r equ i r ed  i t e m s  ( i . e . ,  hea t  exchanger, 
p r e s s u r e  and temperature  t ransmit ters ,  c o n t r o l l e r s ,  e t c . )  r e q u i r e d  t o  complete 
t h e  t e s t i n g  assembly has been i n i t i a t e d .  
4 .  P re - t e s t  C a l i b r a t i o n  Hardware 
A d e c i s i o n  w a s  made t o  r eco rd  and reduce experimental  d a t a  us ing  a 
d i g i t a l  d a t a  system. Seve ra l  f e a s i b i l i t y  tests were r e q u i r e d  t o  v e r i f y  
mzthcds cf s b t z i ~ i n g  the r e q u i r e d  information w i t h i n  d e s i r e d  t o l e r a n c e s  
such as measuring t h e  phase a n g l e  between s h a f t  displacement and t h e  
corresponding bea r ing  f o r c e s .  To accomplish t h i s ,  a long with c a l i b r a t i n g  
o t h e r  components, s e v e r a l  experimental  dev ices  w e r e  r equ i r ed .  
A set of bench centers has  been procured f o r  s ta t ic  c a l i b r a t i o n  of 
Bent ly  Nevada proximity probes,  sensing o f f  a s i lver  p l a t e d  test s h a f t  
(F igu re  1 5 ) .  Mounted ad jacen t  t o  t h e  proximity probe i s  an  E l e c t r o j e t  
C a r t r i d g e  gage ( l inear v a r i a b l e  displacement t r ans fo rmer )  which provides 
r e s o l u t i o n  of clearance measurements t o  10 micro inches .  These d i sp lace -  
ment measuring in s t rumen t s  are mounted i n  a ho ld ing  f i x t u r e  which is  f i x e d  
t o  an  o p t i c a l  s t a g i n g  t a b l e .  The s t a g i n g  t a b l e  provides  movement of + 1 
i n c h  w i t h  t h e  t r a v e r s i n g  measured by a micrometer head which has  been sub- 
- 
d i v i d e d  i n t o  0.0001 i n c h  increments.  Also d e p i c t e d  i n  t h e  f i g u r e  i s  t h e  
r eadou t  equipment r e q u i r e d  f o r  such tests. 
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To v e r i f y  t h e  a b i l i t y  t o  measure phase angle ,  a h igh  speed test  r i g  
(0 t o  16,00O’,rpm) w a s  mounted t o  t h e  base of t h e  aforementioned set of 
bench cen te r s .  A s m a l l  s t u b  s h a f t  w a s  f a b r i c a t e d  with t h e  circumference 
conta in ing  a 0.005 inch  t h i c k  band of s i l v e r  p l a t i n g .  Th i s  s h a f t  w a s  t hen  
mounted e c c e n t r i c a l l y  t o  t h e  s h a f t  c e n t e r l i n e  of t h e  high speed r i g  by 
us ing  a locking  c o l l e t .  
measurement d e t e c t o r s  w a s  subsequent ly  mounted w i t h  t h e  d e t e c t o r s  s ens ing  
o f f  t h e  s i l v e r  p l a t e d  s t u b  s h a f t  (F igures  16  and 17) .  Upon r o t a t i n g  t h e  
s h a f t  t he  angle  between t h e  two proximity probes w a s  r ead  out  on a phase 
angle  meter.  Repeatable  d a t a  was obta ined  wi th in  t h e  accuracy of t h e  i n d i c a t i n g  
instrument  - 3 O  + 1 percent .  
The o p t i c a l  s t a g i n g  device  equipped with d i s t a n c e  
P r io r  t o  u t i l i z i n g  t h e  E l e c t r o j e t  C a r t r i d g e  ( con tac t ing  probe)  i n  any 
set-up,  i t  must f i r s t  be c a l i b r a t e d .  Th i s  i s  performed by employing a 
S h e f f i e l d  Corporat ion Linearchek Gage C a l i b r a t o r  (Figure 18). Accuracy 
of t h i s  ins t rument  i s  + 0.000010 inch  over  a one inch  t r a v e r s i n g  d i s t a n c e  
being provided by a 4 inch  d iameter  S h e f f i e l d  Ul t r a -P rec i se  Micrometer. 
The Circumference of t he  micrometer has  been d iv ided  i n t o  increments  of 
0.0001 inch.  
- 
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11. ROTOR BEARING ANALYSIS 
Under t h e  p re sen t  c o n t r a c t ,  experimental  performance and ro to r -bea r ing  
response data are t o  be ob ta ined  f o r  t h r e e  types of bea r ings ,  namely, t h e  
two-groove c y l i n d r i c a l ,  t he  th ree - lobe  and t h e  pivoted-pad bea r ing  wi th  two 
values  of p re load .  These bea r ings  w i l l  be  t e s t e d  wi th  d e l i b e r a t e  s h a f t  
unbalance on s p e c i a l l y  designed unbalance d i s k s  outboard of each bea r ing  as 
shown i n  F igu re  19.  For t h e  purpose of guiding tes t  planning a n a l y t i c a l  
ro to r -bea r ing  response d a t a  is u s e f u l  i n  e s t a b l i s h i n g  t h e  l e v e l  of unbalance 
t o  be used f o r  va r ious  t es t  o p e r a t i n g  cond i t ions .  The a n a l y s i s  r e q u i r e s  t h e  
knowledge of t h e  dynamic c h a r a c t e r i s t i c s  of t h e  bea r ings .  
I t  is customary, e .g . ,  r e f e r e n c e  4 ,  t o  r e p r e s e n t  t h e  dynamic character- 
i s t i c s  of a bea r ing  by a n  eight-parameter  l i n e a r  model c o n s i s t i n g  of f o u r  
s p r i n g s  and  f o u r  dashpots .  The model is shown schemat i ca l ly  i n  F igu re  a0 . 
The f l u i d  f i l m  f o r c e s  are then r ep resen ted  by t h e  fo l lowing  equa t ions  
X + K  Y + w C  Y 
XY XY 
-F = Kxx x + w cxx 
X 
-F = K  X + W C  X + K  Y + w C  Y 
Y YX YX YY YY 
The symbols are d e f i n e d  i n  t h e  Nomenclature. 
The ac tua l  b e a r i n g  s t i f f n e s s e s  and damping c o e f f i c i e n t s  are no t  l i n e a r ,  
b u t  i f  i t  is  assumed t h a t  t h e  r o t o r  motion is confined t o  small o s c i l l a t i o n s  
around t h e  s h a f t  e q u i l i b r i u m  p o s i t i o n ,  t h i s  error due to  n o n - l i n e a r i t y  of t h e  
f l u i d  f i l m  dynamic c o e f f i c i e n t s  is Small .  
Equat ions (1) can  a lso be used t o  c a l c u l a t e  t h e  dynamic characteristics 
of a b e a r i n g  from experimental  response d a t a .  Following t h e  a n a l y s i s  of 
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r e fe rence  3 i n  which Fx, F x and y are complex func t ions  o f  t h e  form 
Y’ 
z = /Z/eiwt or /z/ = zC + i zS, 
equations (1) can be w r i t t e n  as 
- I...] = (Kxx)[.c] - ( cxx)[xs] + (KXY)[YC] - [cxy)[ys] 
- kXS] = [KXX)[XS] - [cxx)[xc] + [Kxy)[..] - (cxy)[yc] 
- IFyc] = ( K Y X ) p q  - (cyx)[..3 + [ K Y Y ) E c ] -  (CYY)[.S] 
- E Y s ]  = (.)[.SI - w ( cYx J [..3 + ( K ~ ~ )  Es ] - W ( cYy) k c ]  
(3) 
I n  equat ions  (3) t h e  terms i n  square  b racke t s  are measured du r ing  t e s t i n g  as 
is W and t h e  terms i n  round b racke t s  are t h e  e i g h t  parameters  of the bea r ing  
dynamic characterist ics model which a re  t o  be found. Obviously equa t ions  
(3) r ep resen t  f o u r  equa t ions  i n  e i g h t  unknowns. The i r  s o l u t i o n  r e q u i r e s  two 
independent se ts  of experimental  data from a t e s t  bea r ing  a t  the  same o p e r a t i n g  
condi t ion ,  de f ined  by a r o t a t i o n a l  speed, f l u i d  temperature  and u n i d i r e c t i o n a l  
load .  T h i s  can be accomplished i n  two ways: one, run t h e  test s h a f t  twice, 
once w i t h  symmetric and once w i t h  ant i -symmetr ic  unbalances i n  t h e  unbalance 
d i s k s  (Figure 21); two, run t h e  tes t  s h a f t  once w i t h  unequal unbalances i n  
t h e  two unbalance d i s k s  ( r e f e r e n c e  5 ) .  In  t h e  f i r s t  i n s t a n c e  on ly  one bea r ing  
need be instrumented; i n  the  second i n s t a n c e  both bea r ings  must be in s twmented .  
The dynamic character is t ics  of  pivoted-pad bea r ings  are p resen ted  i n  
re ference  ( 7 ) ,  but  no such data is  a v a i l a b l e  f o r  t h e  two-groove c y l i n d r i c a l  
or t h e  th ree- lobe  bear ings .  Therefore ,  the ro to r -bea r ing  response a n a l y s i s  
was carried out  f o r  the pivoted-pad bea r ing .  
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The d e s c r i p t i o n  of t h e  pivoted-pad bear ings  t o  be t e s t e d  is p resen ted  
i n  Table  11. A drawing of  t h e  pivoted-pad bea r ing  is  shown i n  F i g u r e 1 2 .  
Pivoted-pad bear ings  having pre load  values of 0 . 2  and 0.52 w i l l  be t e s t e d .  
Reference t o  F i g u r e 1 2  i n d i c a t e s  t h a t  i n  t h e  case of t h e  preloaded bea r ing  
t h e  c e n t e r  of each pad does not  co inc ide  wi th  t h e  bea r ing  c e n t e r .  The 
pre load  is  given by 
a m z  
- Rs R P 
(Refcrcncc F igure  2 0 )  14) 
The purpose of geometr ical  p re loading  is t o  o b t a i n  h igh  bear ing  s t i f f n e s s  
even when t h e r e  i s  no a p p l i e d  load  and t o  avoid  "negat ive f l u i d  f i l m  p res su res"  
( r e f e r e n c e 4  ) .  The a n a l y s i s  which fol lows is  f o r  a pre load  of 0 .4  s i n c e  i t  
was c a r r i e d  o u t  p r i o r  t o  t h e  f i n a l  s e l e c t i o n  of pre load .  
-4 rotor-bearing response computer program was presented  i n  r e fe rence  2 
i n  which a symmetric-rotor model was considered.  The d i s t r i b u t e d  r o t o r  mass 
is rep laced  i n  t h e  model by two concent ra ted  masses. I n  r e fe rence  9 a r o t o r -  
bea r ing  response  computer program is presented which is more genera l  than t h a t  
of  r e f e r e n c e 4 .  This  l a t t e r  computer program which is  based upon t h e  Prohl-  
Myklestad method ( r e fe rences  6, 7 and 8 )  w a s  used i n  t h e  p re sen t  a n a l y s i s .  
The s h a f t  is  r ep resen ted  by lumped masses sepa ra t ed  by massless s p r i n g s  of t h e  
r e q u i r e d  l eng th .  The bear ings  are representedby t h e  eight-parameter  model 
d i s c u s s e d  p rev ious ly .  I n  a d d i t i o n ,  t h e  bea r ing  p e d e s t a l s  can be r ep resen ted  
by masses, s p r i n g s  and dashpots  i n  or thogonal  p lanes  and s p r i n g s  and dashpots  
i n  t h e  misalignment mode of motion. Gyroscopic e f f e c t s  may a l s o  be accounted 
f o r .  The program assumes e l l i p t i c a l  o r b i t s  about  t h e  s h a f t  c e n t e r l i n e  f o r  t h e  
lumped masses and i t  c a l c u l a t e s  t h e  displacement o r b i t s  and corresponding 
f~rccs. ~ h c  f~rczs 02 the  ~ e d e s t z l s  sre 2 l . w  c a l c u l a t e d .  
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1. Input  Data 
The i n p u t  data r equ i r ed  t o  carry o u t  the  ro to r -bea r ing  response a n a l y s i s  
are the  fo l lowing:  
- Rotor Conf igura t ion  
- Bearing S t a t i c  Load Characterist ics 
- Bearing Dynamic Characterist ics 
- Pedes t a l  Characterist ics 
The r o t o r  s h a f t  i s  shown i n  F igure  19; twenty-seven m a s s  s t a t i o n s  were 
used  t o  r ep resen t  t h i s  s h a f t  i n  t h e  c a l c u l a t i o n .  
I n  o rde r  t o  determine the  maximum displacement of t he  shaf t  under a given 
o r b i t i n g  cond i t ion ,  the  equ i l ib r ium p o s i t i o n  of  t h e  s h a f t  m u s t  be c a l c u l a t e d .  
Shown i n  F igure  23 i s  the  v a r i a t i o n  of s h a f t  equ i l ib r ium p o s i t i o n  w i t h  speed 
and u n i d i r e c t i o n a l  load .  The d a t a  f o r  t h i s  curve came from Figures  4-6, 8 ,  9 of 
r e fe rence  4 .  The e c c e n t r i c i t y  is reduced as speed i n c r e a s e s  and inc reased  as 
the  load i n c r e a s e s .  When the  load  is  z e r o  (ver t ica l  sha f t ) ,  t he  equ i l ib r ium 
p o s i t i o n  i s  a t  t h e  bear ing  c e n t e r  ( z e r o  e c c e n t r i c i t y ) .  
The bea r ing  dynamic c o e f f i c i e n t s  were c a l c u l a t e d  u s i n g  F igu res  4-18 of 
re ference  4 .  The s t i f f n e s s ,  K, and damping c o e f f i c i e n c t ,  u ) B ,  were p l o t t e d  
a g a i n s t  speed w i t h  s i d e  load,  W, as a parameter .  A t  W = 0, the  Sommerfeld 
Number, S, i s  undefined and F igures  4-6 ,  8-19 from r e f e r e n c e  4 g ive  no va lues  for 
determining t h e  dynamic c o e f f i c i e n t s  of t h i s  case. The ze ro  load  dynamic 
c o e f f i c i e n t s  were determined by p l o t t i n g  K and w B  ve r sus  W w i t h  r o t a t i v e  
speed, N, as a parameter and e x t r a p o l a t i n g  t h e  curves  t o  W = 0 .  
Shown i n  Figure 24 i s  t h e  v a r i a t i o n  of bea r ing  s t i f f n e s s  with speed and 
u n i d i r e c t i o n a l  load.  The s t i f f n e s s  inc reases  as speed and/or load i n c r e a s e s .  
A t  h igh speed, t h e  e f f e c t  of t h e  load is diminished. The s t i f f n e s s  r anges  
between 10 and lo5  l b s .  i n .  . In  Figure 25 t h e  v a r i a t i o n  of t h e  damping 
c o e f f i c i e n t  with speed and u n i d i r e c t i o n a l  load i s  shown. Damping increases 
with both speed and load and has a range around lo5  l b s .  i n .  
4 -1 
-1 . 
T h e  s t i f f n e s s  of Lhe p l v u t ,  K p ,  iiiust be considered i n  t h e  a n a l y s i s  of 
t h e  ro to r -bea r ing  s y s t e m .  The bear ing p i v o t ,  shown i n  Figure 15, i s  a 
s p h e r i c a l  s u r f a c e  of a hard material i n  con tac t  with a f l a t  hard s u r f a c e  
on t h e  back of t h e  pad. The expression ( r e f e r e n c e  10 and 11 )  f o r  f o r c e  F^ f o r  a 
given d i sp lacemen t , -&,  i s  d i f f e r e n t i a t e d  with r e s p e c t  t o  & t o  o b t a i n  t h e  
P 
fo l lowing  expres s ion  f o r  p ivo t  s t i f f n e s s .  
Shown i n  Figure 26 i s  t h e  v a r i a t i o n  of p ivo t  s t i f f n e s s  wi th  bea r ing  
l o a d  f o r  a 2-inch diameter 410- s t a in l e s s  s teel  p ivo t  a g a i n s t  a 316- s t a in l e s s  
steel  pad. The p i v o t  s t i f f n e s s  i n c r e a s e s  with t h e  1/3 power of l o a d .  I n  
each of t h e  two or thogonal  d i r e c t i o n s  t h e  s p r i n g  r e p r e s e n t i n g  t h e  p i v o t s  has  
twice the stiffness nf 2 s i ~ g l p  pivnt,  The va lue  used i n  t h e  a n a l y s i s  w a s  
5.46 x 10 l b . / i n . ,  corresponding t o  a l oad  of 12 l b s .  The p e d e s t a l  ( i n  
t h i s  case t h e  pads) i s  assumed not t o  resist r o t a t i o n  i n  t h e  p i t c h  or roll 
mode and s ince  t h e  damping of t h e  p i v o t s  i s  not known, i t  w a s  ignored.  
5 
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2. Rotor Response 
Presented h e r e i n  i s  ro tor -bear ing  response d a t a  f o r  t h e  preloaded 
pivoted-pad bea r ing  i n  t h e  form of s h a f t  displacements  and f l u i d - f i l m  
f o r c e s  as  in f luenced  by r o t a t i v e  speed, d e l i b e r a t e  unbalance,  and 
u n i d i r e c t i o n a l  load (or s i d e  load ) .  
Shown i n  Figures  27, 28 and 29 i s  t h e  v a r i a t i o n  wi th  speed of t h e  
r o t o r  displacement from equ i l ib r ium p o s i t i o n  a t  t h e  upper and lower bear ings .  
The displacement l i m i t  l i n e  r e f l e c t s  t h e  c learance  l i f t  a f t e r  t h e  s t a t i c  
displacement shown i n  Figure 22 i s  made.equa1 t o  t h e  s t a t i c  displacement 
i n  Figure 23. I f  t h e  displacement exceeds t h i s  l i m i t ,  t h e  s h a f t  w i l l  
r u b  t h e  bear ing .  The d e l i b e r a t e  unbalance i n  t h e  r o t o r  f o r  which t h e  response 
curves i n  Figure 27 were c a l c u l a t e d  i s  0.5 gram inch  per  bear ing .  The 
o r b i t  r a d i u s  i s  i n s e n s i t i v e  t o  speed below 20,000 rpm and t h e  response 
a t  both bear ings  are nea r ly  equa l .  However, a t  speeds above 20,000 rpm 
t h e  two bear ings  have d i f f e r e n t  responses .  The upper bea r ing  curves has  
a resonance peak a t  25,000 rpm and i n d i c a t i o n s  are t h a t  t h e  s h a f t  w i l l  r u b  
a t  t h i s  speed. The displacement v a r i a t i o n  of  t h e  lower bea r ing  i n d i c a t e s  
t h e  cr i t ical  speed at 26,000 rpm. The displacement  of t h e  lower bea r ing  has  
a g r e a t e r  magnitude than  t h a t  a t  t h e  upper bea r ing .  S ince  t h e r e  i s  an 
e x t r a  mass a t  t h e  upper end of t h e  s h a f t  ( s ee  F igure  201, t h e  mass d i s t r i -  
bu t ion  along t h e  l eng th  of t h e  s h a f t  i s  not  q u i t e  symmetrical with t h e  s h a f t  
midpoint.  Th i s  e x t r a  mass i s  one of t h e  d i s k s  used t o  measure torque .  The 
non-symmetry of t h e  s h a f t  could account f o r  t h e  d i f f e r e n c e  i n  c r i t i c a l  speed 
and displacement magnitude between t h e  upper and lower bear ings .  Reference 
t o  Figure 20 i n d i c a t e s  t h a t  t h e  dynamic response  of t h e  upper bea r ing  may 
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be a f f e c t e d  by t h e  presence of t h e  q u i l l  s h a f t  which i s  used t o  d r i v e  
t h e  test s h a f t  and measure t h e  torque  absorbed. The e f f e c t  i s  minimized 
by us ing  a small-diameter q u i l l  s h a f t .  The e f f e c t  of t h e  presence of t h e  
q u i l l  s h a f t  and t h e  alignment of t h e  motor with t h e  t es t  s h a f t  w a s  not  
taken  i n t o  account i n  t h e  r o t o r  response d a t a  presented  h e r e i n .  
Halving t h e  unbalances reduces t h e  displacement magnitudes by approxi- 
mately one-half  over  t h e  whole speed range and has  no e f f e c t  on t h e  speeds 
a t  which t h e  cr i t icals  occur .  Th i s  i s  shown i n  F igure  28. When t h e  un- 
balances are unequal,  t h e  displacements  i n  t h e  low speed range are unequal 
as shown i n  Figure 29. However, t h e  c r i t i ca l  speeds remain t h e  same f o r  
each bear ing .  Thus i n  t h e  speed range  below 20,000 rpm, unequal unbalances 
are r e q u i r e d  t o  ge t  two independent sets of tes t  d a t a  a t  one ope ra t ing  
condition. ::owevz-r, unequal unbalances zre cnt n e c e s i r y  above 20,000 rpm, 
Maximum f l u i d  f i l m  f o r c e  on t h e  bear ings ve r sus  speed i s  shown i n  
F igu res  30, 31 and 32. The f o r c e s  f o r  t h e  0.5 gram inch per  bear ing  case 
(Figure  30) are, as i n  t h e  case  of  t h e  displacements ,  n e a r l y  cons tan t  i n  
t h e  low speed range.  Corresponding t o  t h e  displacements ,  t h e  f o r c e  
magnitude i s  g r e a t e r  a t  t h e  lower bear ing c r i t i ca l  speed (26,000 rpm) 
than  at t h e  upper bea r ing  c r i t i c a l  (25,000 rpm). I n  t h e  h igh  speed range 
(above 20,000 rpm) t h e  f o r c e s  l i k e  t h e  displacements  are d i f f e r e n t  f o r  t h e  
upper and lower bea r ings ,  even though t h e  unbalances are equal .  For t h i s  
-15- 
reason ,  t h e  two bear ings  will g ive  independent sets of f o r c e  d a t a  when 
f o r c e s  a r e  measured at both bear ings  dur ing  a test run  wi th  equal  unbalances.  
Halving the  unbalances reduces t h e  f o r c e  component due t o  t h e  unbalance.  
The maximum va lues  s t i l l  occur  at t h e  same speeds.  S i g n i f i c a n t  i n e q u a l i t y  
of fo rces  can be seen  a t  low speeds i n  F igure  31 when t h e  unbalances are 
unequal a t  t h e  upper and lower bear ings .  Th i s  i n e q u a l i t y  i n  t h e  low-speed 
range i s  ev ident  i n  both f o r c e  and displacement when t h e  unbalances are 
d i f f e r e n t .  Larger  d i f f e r e n c e s  are t o  be expected as t h e  d i f f e r e n c e  i n  Un- 
balance inc reases .  Thus, t h e  requirement t h a t  the sets of f o r c e  and d i s -  
placement d a t a  f o r  t h e  upper and lower bear ings  w i l l  be independent i s  
m e t  i n  t h e  low-speed range when unequal unbalances are used. 
Shown i n  F igure  33 i s  t h e  t o t a l  s h a f t  cen te r  displacement  a t  t h e  
lower bear ing versus  u n i d i r e c t i o n a l  s ide load a t  24,000 rpm. The d i sp lace -  
ment due only  t o  t h e  s i d e  load  is rep resen ted  by a s o l i d  l i n e .  The d i s -  
placement due t o  both side load and unbalance f o r c e  i s  r ep resen ted  by d o t t e d  
l i n e s .  D i f f e ren t  unbalance combinations are shown. Above a s i d e  load  of  
10 l b s . ,  t h e  major p a r t  of t h e  displacement  i s  due t o  t h e  u n i d i r e c t i o n a l  
load .  In Figure 34 i s  shown t h e  t o t a l  f o r c e  on t h e  lower bea r ing  ve r sus  
s i d e  load a t  24,000 rpm. 
l i n e ,  t he  sum of s ide load and unbalance f o r c e  i s  r ep resen ted  by a d o t t e d  
l i n e  f o r  each unbalance combination. When t h e  s ide  load  has a magnitude 
g r e a t e r  than 20 lbs., it  i s  the l a r g e r  p a r t  of t h e  t o t a l  f o r c e  even f o r  
t h e  l a r g e s t  unbalance shown. The t o t a l  displacement  a t  t h e  lower bea r ing  
ve r sus  s i d e  load a t  26,000 rpm i s  shown i n  F igure  35. A t  t h i s  speed,  t h e  
The u n d i r e c t i o n a l  f o r c e  i s  r e p r e s e n t e d  by a s o l i d  
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o r b i t  r a d i i  are l a r g e r  t han  t h e  displacement due t o  s ide  load.  The o r b i t  
r a d i i  f o r  two of t h e  unbalance combinations, 0.5 gram inch  per  bear ing  and 
0 . 2 5  gram inch  a t  t h e  upper and 0.5 gram inch  a t  t h e  lower bear ing ,  are 
l a r g e  enough t h a t  t h e  s h a f t  w i l l  r ub  the  bear ing.  Th i s  occurs  where t h e  
d o t t e d  l i n e s  i n t e r s e c t  t h e  bear ing  su r face  l i n e .  The t o t a l  f o r c e  on t h e  
lower bear ing  ve r sus  s ide load  a t  26,000 rpm i s  shown i n  Figure 36. A t  
this speed ,  t h e  unbalance f o r c e s  are t h e  major p a r t  of t h e  t o t a l  fo rce .  
F igures  33, 34, 35 and 36 i l l u s t r a t e  t h e  comparison between displacement 
and f o r c e  ampli tudes a t  and away from c r i t i c a l  speeds.  
I n  o r d e r  t o  o b t a i n  accu ra t e  measurements of f o r c e  and displacement i t  
i s  necessary  t h a t  t h e  measurements be a l a r g e  p o r t i o n  of t h e  f u l l  scale 
range  of t h e  ins t rument .  Thus, s i n c e  s i d e  load  a f f e c t s  t h e s e  measurements 
m r e  tha:: uzbalsnce, t he  Imhelance used should be scheduled with load 
i n s t e a d  of  speed below 20,000 rpm. Above 20,000 rpm lower load schedules  
must be used because of t h e  l a r g e  amplitudes.  
3. Concluding Remarks 
The ro to r -bea r ing  response ana lys i s  has  l ed  t o  t h e  fo l lowing  conclusions:  
1. System resonances a t  t h e  bear ings occur  a t  r o t a t i o n a l  speeds 
of 25,000 and 26,000 rpm for t h e  upper and lower bear ings ,  
r e s p e c t i v e l y .  
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2. The upper and lower bea r ing  resonances occur  a t  d i f f e r e n t  speeds  
due t o  non-symmetry of t he  s h a f t .  
3. A t  t h e  resonances,  t h e  u n b a l a n c e i s  predominant i n  t h e  de t e rmina t ion  
of s h a f t  c e n t e r  displacement  and f l u i d  f i l m  f o r c e .  
4 .  The response i n  t h e  resonant  speed range is  d i f f e r e n t  fo r  t h e  upper 
and lower bea r ings  even though t h e  unbalances are t h e  same. 
5. The u n i d i r e c t i o n a l  load  i s  r e spons ib l e  f o r  t h e  g r e a t e r  p a r t  of  t h e  
s h a f t  displacement  and f o r c e s  i n  t h e  speed range below 20,000 rpm. 
I n  t h e  speed range below 20,000 rpm, t h e  response  is n e a r l y  t h e  
same f o r  bo th  upper and lower bea r ing  i f  t h e  unbalances are equa l  
a t  each bear ing .  
6 .  
7. I f  t h e  unbalances f o r  t h e  upper and lower bea r ing  a r e  d i f f e r e n t ,  
t h e  response of t h e  bea r ings  i n  t h e  low-speed range d i f f e r s  w i th  
the  r a t i o  of  t h e  unbalances.  Thus, t h e  f o r c e s  and d isp lacements  
can be made to  d i f f e r  s i g n i f i c a n t l y  between t h e  upper and lower 
bea r ings .  
Since the  side load  c o n t r i b u t e s  most t o  s h a f t  displacement ,  excep t  n e a r  
c r i t i ca l  speeds,  t h e  unbalance must be scheduled  w i t h  s i d e  load  r a t h e r  t han  
speed so  t h e  f o r c e  and displacement  measurements can  be  made i n  a range 
approaching f u l l  scale of t h e  in s t rumen t s .  However, a t  c o n s t a n t  s i d e  load ,  
t h e  same unbalances can be used over  t h e  non-resonant  speed range, up t o  
20,000 rpm.  I f ,  i n  t h i s  speed range, t h e  unbalances a t  t h e  upper and lower 
bear ings  are s u f f i c i e n t l y  d i f f e r e n t ,  t w o  independent  sets of  measurements 
r e q u i r e d  by t h e  e i g h t  s imultaneous e q u a t i o n s  can  be  ob ta ined  by measuring 
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t h e  f o r c e s  and displacements  a t  each  bear ing .  
unbalance must be reduced to  prevent  t h e  s h a f t  from rubbing the bea r ing .  As 
t h e  resonant  speeds f o r  t h e  upper and lower bea r ings  are d i f f e r e n t ,  an  inde-  
pendent set of d a t a  can be ob ta ined  from each bea r ing  i n  t h e  resonant  speed 
range when t h e  unbalances are equal  a t  each bear ing .  
I n  t h e  resonaqt  speed range, t h e  
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111. INSTRUMENTATION 
During t h e  r e p o r t i n g  pe r iod  the ins t rumenta t ion  approach has been 
improved. These improvements inc lude  the use of a d i g i t a l  d a t a  a c q u i s i t i o n  
s y s t e m  f o r  qu ick ly  and a c c u r a t e l y  record ing  test  da ta ,  t h e  in s t rumen ta t ion  
of two bear ings  i n s t e a d  of one, and t h e  replacement of t h e  s t ra in-gauged  
f o r c e  but tons  by p i e z o e l e c t r i c  load  c e l l s .  
Seve ra l  advantages accrue  because of t h e  s e l e c t i o n  of the  d i g i t a l  d a t a  
a c q u i s i t i o n  s y s t e m .  The d i g i t a l  da ta  a c q u i s i t i o n  system has a high-accuracy 
d i g i t a l  vo l tmeter  (about  0.05 percent  of f u l l  scale) c o n t r i b u t i n g  grea t ly  
t o  the accuracy of  the  d a t a  t o  be taken.  I n  a d d i t i o n ,  the data can  be 
scanned i n  about  60 seconds,  minimizing test  p o i n t  d r i f t  dur ing  data t ak ing  
and the amount of t i m e  t o  g e t  a tes t  po in t .  The  d i g i t a l  data a c q u i s i t i o n  
system produces p r in t ed - t ape  output  f o r  checking immedia t e ly  a f t e r  d a t a  
a c q u i s i t i o n  and punched-tape output  f o r  au tomat ic  data r educ t ion .  
no tediousmanual reading  of photographs or s t r i p  c h a r t s  i s  r equ i r ed .  Th i s  
reduces the  t i m e  d u r a t i o n  and e f f o r t  needed for d a t a  reduct ion .  Using t h e  
d i g i t a l  a c q u i s i t i o n  s y s t e m  reduced data  should be a v a i l a b l e  wi th in  days a f t e r  
a p a r t i c u l a r  t e s t .  Photographs of o sc i l l o scope  traces showing t h e  locus  of  
t h e  s h a f t  c e n t e r  s h a l l  be t aken  as a v i s u a l  r eco rd  of t h e  t es t  cond i t ion .  
Thus, 
T h i s  technique ,  however, p l aces  a d d i t i o n a l  requirements  on t h e  measuring 
system s i n c e  i t  is  necessary  t o  convert  t h e  s i g n a l s  i n t o  meaningful parameters  
and t o  s e q u e n t i a l l y  swi tch  each such converted s i g n a l  i n t o  t he  d i g i t a l  
r e c o r d i n g  system. 
The  ins t rumenta t ion  of  both bear ings  permits  acqu i r ing  a l l  d a t a  
r e q u i r e d  f o r  t h e  e i g h t  dynamic c o e f f i c i e n t s  of t h e  bea r ing  mentioned 
i n  t h e  previous s e c t i o n  a t  one o p e r a t i n g  cond i t ion  w i t h  one d i g i t a l  
scan.  Previously i t  has  been planned t o  instrument  but  one bea r ing  and 
run  t h e  s h a f t  a t  t h e  same o p e r a t i n g  cond i t ion  twice, each wi th  a d i f f e r e n t  
unbalance conf igu ra t ion ,  i n  o rde r  t o  o b t a i n  the  r e q u i s i t e  experimental  
information f o r  t h e  dynamic performance of t h e  bear ing  a t  a given o p e r a t i n g  
condi t ion .  
Shown i n  Figure 37 i s  t h e  t e s t  assembly; t es t  bea r ings ,  load  cel ls  
and inductance-gage d i s t a n c e  d e t e c t o r s  are shown. The  f o r c e  and d i s -  
placement measurements are made i n  four  p lanes  perpendicular  t o  t h e  s h a f t  
cen te r  l i n e .  Shown i n  Figure 38 are t h e  displacement s enso r s  and load  
c e l l s  f o r  any one of t h e  fou r  in s t rumen ta t ion  p lanes .  The displacement 
s enso r s  a r e  seen t o  be i n  p a i r s  which are i n  l i n e  with and a t  r i g h t  
angles  t o  t h e  d i r e c t i o n  of t h e  s i d e  load .  The load  ce l l s  are i n  p a i r s  
and are e q u i d i s t a n t  between t h e  displacement  s enso r s .  The displacement  
s e n s o r s  a r e  ad jacent  t o  t h e  s h a f t  and t h e  load  cel ls  measure t h e  f o r c e s  
exe r t ed  by t h e  inne r  bea r ing  housing on the  o u t e r  bea r ing  
housing . 
Shown i n  F igure  38 i s  a schematic diagram o f  t h e  in s t rumen ta t ion  t o  be 
Only one p a i r  of displacement  
The o u t p u t s  from each displacement  
read  on the  d i g i t a l  d a t a  a c q u i s i t i o n  system. 
probes and one p a i r  of load c e l l s  are shown. 
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probe i n  a p a i r  are combined so as t o  g ive  one s i g n a l  f o r  t h e  p a i r .  To do 
t h i s  t h e  ind iv idua l  s i g n a l s  of  each p a i r  w i l l  be condi t ioned  so  t h a t  s lopes  
of displacement versus  output  signal curves are  i d e n t i c a l .  Summing of t h e  
i n d i v i d u a l  s i g n a l s  w i l l  provide c a n c e l l a t i o n  of symmetrical d i f f e r e n t i a l  
thermal expansion of t h e  bear ing  housing and w i l l  double t h e  s e n s i t i v i t y  
of t h e  displacement measuring s y s t e m .  Only one load  c e l l  i n  a p a i r  i s  
connected t o  the  read  o u t .  The s t i f f n e s s  of each load  ce l l  w i l l  be determined 
exper imenta l ly  before  i n s t a l l a t i o n .  From these  d a t a  m u l t i p l i e r s  can be es- 
t a b l i s h e d  f o r  t h e  output  of each act ive load  ce l l  t o  g ive  t h e  c o r r e c t  f o r c e  
reading .  A f t e r  pass ing  through switching c i r c u i t s ,  t h e  dynamic measurements 
are  d i r e c t e d  t o  a peak-to-peak l e v e l  de t ec to r ,  an  average  l e v e l  d e t e c t o r ,  o r  
a phase meter. The ou tpu t  of t hese  d e t e c t o r s  i s  scanned by t h e  d i g i t a l  d a t a  
a c q u i s i t i o n  s y s t e m .  The peak-to-peak d e t e c t o r  y i e l d s  double ampli tude f o r  
f o r c e  and displacement .  The average- leve l  d e t e c t o r  y i e l d s  t h e  equ i l ib r ium 
p o s i t i o n  of t h e  s h a f t .  The u n i d i r e c t i o n a l  load ,  corresponding t o  t h e  equi-  
l i b r ium p o s i t i o n  of t h e  s h a f t ,  is read  on p res su re  t r ansduce r s  connected t o  
t h e  loade r  bea r ing  a c t u a t i o n  cy l inde r s .  
The phase ang le s  t o  be measured a r e  shown i n  Table  111. Eight  each 
d isp lacements  and f o r c e s  and e i g h t  phase ang le s  between displacements  and 
f o r c e s  are requ i r ed  f o r  each test  condi t ion  t o  provide da t a  f o r  t h e  bear ing  
dynamic c o e f f i c i e n t s .  
* 
Osc i l lo scopes  w i l l  be a v a i l a b l e  f o r  s u r v e i l l a n c e  of bear ing  behavior 
du r ing  t e s t i n g .  One o s c i l l o s c o p e  w i l l  be connected t o  two perpendicular  
* 
See S e c t i o n  11. Rotor Bearing Analysis .  
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p a i r s  of displacement s enso r s  f o r  each bear ing .  
loscope  w i l l  be r e in fo rced  once each r evo lu t ion .  
w i l l  be i d e n t i f i e d  by one b l i p  on each o r b i t a l  trace and f r ac t iona l - f r equency  
wh i r l  w i l l  be i d e n t i f i e d  by two. The second o s c i l l o s c o p e  w i l l  be used t o  
monitor any dynamic measurements of i n t e r e s t  du r ing  t e s t i n g .  A camera f o r  
t h e  osc i l l o scopes  w i l l  be a v a i l a b l e  t o  make permanent records  as r equ i r ed .  
The s i g n a l  on t h i s  o s c i l -  
Thus synchronous wh i r l  
For  a l l  runs i n  which the  o s c i l l o s c o p e  i n d i c a t e s  f r ac t iona l - f r equency  
wh i r l ,  t h e  synchronous t r a c k i n g  f i l t e r  can be put  on manual c o n t r o l .  Then 
by not ing  peak output  a t  some hand-set  f requency near  one-half  of t h e  s h a f t  
speed the wh i r l  r a t i o  can be obta ined .  
1. Force Measurement 
~ ~ 
To f a c i l i t a t e  f o r c e  measurement t h e  i n n e r  bea r ing  housing for t h e  test 
bear ings  was t o  be supported i n  two mutual ly  perpendicular  p lanes  by a t o t a l  
of e i g h t  s t r a in -gaged  f o r c e  bu t tons  f i x e d  t o  t h e  o u t e r  bea r ing  housing a t  
two a x i a l  l o c a t i o n s ,  as shown i n  F igure  3 9 .  I n  a r a d i a l - a x i a l  p lane  t h e  
v i b r a t i n g  s y s t e m  can be r ep resen ted  by t h e  diagram shown i n  F igure  39. 
I t  can be seen  t h a t  t h e  mass of  t h e  i n n e r  bea r ing  housing p l u s  a t t a c h -  
ments i s  between t h e  f l u i d  f i l m  where t h e  f o r c e  measurement is  requ i r ed  and 
t h e  s t ra in-gaged f o r c e  but tons  r ep resen ted  by s p r i n g s  i n  F igure  40. Thus 
t h e  measured f o r c e  on t h e  s t ra in-gaged  f o r c e  bu t tons  i s  given by t h e  sum of 
t h e  f l u i d  f i l m  f o r c e  and t h e  mass times a c c e l e r a t i o n  of  t h e  i n n e r  bea r ing  
housing. A t  f o r c i n g  f r equenc ie s  f a r  below t h e  n a t u r a l  f requency of  t h e  
v i b r a t i n g  s y s t e m  c o n s i s t i n g  o f  t h e  s t ra in-gaged  f o r c e  bu t tons  and t h e  i n n e r  
bear ing  housing, t h e  measured f o r c e  and t h e  f l u i d  f i l m  f o r c e  w i l l  be e s s e n t i a l l y  
equal .  Near t h e  n a t u r a l  f requency,  but  below i t ,  t h e  two f o r c e s  w i l l  no t  be 
equal  because of t h e  mass t i m e s  a c c e l e r a t i o n  of t h e  i n n e r  bea r ing  housing w i l l  
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become l a r g e r .  
t h e  two f o r c e s  w i l l  be ou t  of phase. 
Beyond t h e  n a t u r a l  frequency, i n  a d d i t i o n  t o  being d i f f e r e n t ,  
Recent experiments have i n d i c a t e d  t h a t  t y p i c a l l y  t h e  s t ra in-gaged f o r c e  
bu t tons  have a s p r i n g  cons t an t  of approximately 50,000 l b . / i n . ,  and t h e  a c t u a l  
weight of t h e  sprung mass c o n s i s t i n g  of t h e  i n n e r  bea r ing  housing, t h e  bea r ing  
and t h e  e i g h t  displacement gauge ho lde r s  i s  16 l b s .  Shown i n  Figure 4 0  i s  
a p l o t  of t h e  r a t i o  of t h e  measured t o  t h e  a c t u a l  f l u i d  f i l m  f o r c e ,  and t h e  
phase ang le  between t h e  f o r c e s .  I t  can be seen t h a t  t h e  n a t u r a l  frequency 
of t h e  system shown i n  F i g u r e 4 0  corresponds t o  a r o t a t i v e  speed of 21,000 
rpm (350 cps ) .  Since t h i s  speed i s  wi th in  t h e  speed range s p e c i f i e d  f o r  t h e  
test  program, namely, 3600 t o  30,000 rpm, l a r g e r  e r r o r s  i n  measured f o r c e  can 
be expected as shown i n  Figure 4 l o v e r  an i n p o r t a n t  p a r t  of t h e  t es t  speed 
range.  I t  i s  a l s o  seen from t h e  f i g u r e  t h a t  t h e  measured and actual  f l u i d -  
f i l m  f o r c e  are 180' out  of phase beyond t h e  c r i t i ca l  speed. Actual  tests of 
a f o r c e  bu t ton  i n  a v i b r a t i n g  system i n d i c a t e  t h a t  t h e  force-but ton s i g n a l  
i s  plagued by excess ive  noise .  T h i s  i s  due t o  t h e  l a r g e  a m p l i f i c a t i o n  
needed f o r  t h e  f o r c e  bu t ton  because of i t s  low output  pe r  u n i t  l oad ,  about 
0.05 mv/lb. 
P r i m a r i l y  because of t h e  low n a t u r a l  frequency of t h e  f o r c e  but ton-inner  
b e a r i n g  housing system and t o  e l i m i n a t e  t h e  no i se  problem, p i e z o e l e c t r i c  
l oad  ce l l s  have been s e l e c t e d  t o  measure f o r c e  by p l a c i n g  e i g h t  of them on 
t h e  o u t e r  bea r ing  housing i n  a manner similar t o  t h a t  contemplated f o r  t h e  
s t r a i n  gaged f o r c e  bu t tons .  The p i e z o e l e c t r i c  load cel ls  chosen ( K i s t l e r ,  
Model 902A) each have a s p r i n g  constant  of about 1.67 x lo7 l b . / i n . ,  r e s u l t i n g  
i n  a n a t u r a l  frequency of t h e  inne r  bear ing housing system i n  F i g u r e 4 0  of 
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383,000 rpm (6400 c p s ) .  
t o  a c t u a l  f l u i d  f i l m  f o r c e  f o r  t h e  load  cel ls .  The u s e  of the  p i e z o e l e c t r i c  
load cells W i l l  a s s u r e  a f l a t  response w e l l  beyond t h e  maximum tes t  speed of 
30,000 rpm as shown i n  t h e  f i g u r e .  The h ighly  s t i f f  load  ce l l s  w i l l  not ,  
however, e l i m i n a t e  p o s s i b l e  e r r o r s  due t o  cas ing  n a t u r a l  f r equenc ie s .  The 
p i e z o e l e c t r i c  load  cel ls  have a s u b s t a n t i a l l y  l a r g e r  ou tput  per  u n i t  f o r c e  
measured, about  100 mv/lb. 
Shown i n  F igure  41 a l s o  is  t h e  r a t i o  of measured 
Only one charge a m p l i f i e r  i s  r equ i r ed  t o  read  t h e  e i g h t  a c t i v e  load  
cel ls  because they w i l l  be read one a t  a t i m e .  Switching c i r c u i t s  d r iven  
by t h e  d i g i t a l  da t a  a c q u i s i t i o n  s y s t e m  w i l l  connect  t h e  proper  load  ce l l  t o  
t h e  d i g i t a l  vol tmeter  p r i o r  t o  scanning t h a t  p a r t i c u l a r  reading .  A c t u a l l y  
two a m p l i f i e r s  w i l l  be purchased because two are  needed f o r  t h e  o r i g i n a l  
adjustment  of the  load cel ls  i n  t h e  o u t e r  bea r ing  housing. 
2. DisDlacement Measurement 
Major problem areas a s s o c i a t e d  wi th  t h e  proximity senso r s  have inc luded  
s e n s i t i v i t y  t o  water sp ray ,  ze ro  s h i f t ,  s e n s i t i v i t y  t o  s h a f t  s u r f a c e  i r -  
r e g u l a r i t i e s  and conduc t iv i ty  inhomogeneity. An examination of some of 
these  problems was undertaken i n  o r d e r  t o  determine the  u l t i m a t e  s y s t e m  
measurement c a p a b i l i t i e s .  Included i n  t h e s e  tests were measurement of e f f e c t s  
of water spray  i n  t h e  probe t i p - t o - s h a f t  gap and measurement of long  t e r m  
s t a b i l i t y .  Pa i r s  of Bently (Model H1084) probes wi th  t e f l o n  end caps were 
mounted i n  a f i x e d  p o s i t i o n  r e l a t i v e  t o  a f i x e d  s i l v e r  p l a t e d  s h a f t  segment. 
Probe t i p - t o - s h a f t  gap w a s  a d j u s t e d  t o  10 m i l s ,  approximately t h a t  which w i l l  
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e x i s t  du r ing  ope ra t ion  i n  the test r ig .  
The nominal s e n s i t i v i t y  f o r  t h e  probe p a i r s  was 800 mv/mil. 
probes a D152 and a D252R d e t e c t o r  were used. The probes were e x c i t e d  a t  
12.75 v o l t s  u s ing  a Harr ison Laboratory Model 802B D;C. power supply.  The probe 
output  s i g n a l s  were combined and connected t o  a s e n s i t i v e  (Fluke Model 801B) 
d i f f e r e n t i a l  vo l tmeter .  Measurements of the n e t  change i n  output  caused by 
s q u i r t i n g  water i n t o  the gap w e r e  made for a l l  16 probe assembl ies  and t h e  
F igu re  h l i s  a p i c t u r e  of t h e  assembly. 
I n  each p a i r  of 
r e s u l t s  are  t a b u l a t e d  i n  Table  I V .  Although the  va lues  were s l i g h t l y  d i f -  
f e r e n t  f o r  each probe, a l l  behaved e f f e c t i v e l y  the  same way i n  t h a t  the  
presence of water caused a n  ins tan taneous  change i n  ou tpu t .  Removal of  
t h e  water caused the  output  s i g n a l  t o  r e t u r n  t o  i t s  o r i g i n a l  value.  The 
maximum change i n  ou tpu t  w a s  equ iva len t  t o  a s h a f t  movement of  19 micro 
inches .  This  appears  t o  be a n  acceptab le  l e v e l  and i n d i c a t e s  t h a t  the  
displacement  probe t e f l o n  cap s e a l e d  wi th  s i l i c o n e  rubber  conf igu ra t ion  has 
s u b s t a n t i a l l y  reduced the  s e n s i t i v i t y  of t h e  probe output  s i g n a l  t o  w a t e r .  
Although the  pre l iminary  tests, j u s t  descr ibed?  had i n d i c a t e d  the 
s e a l i n g  of t h e  probes w i t h  t e f l o n  caps and General Electr ic  RTV s e a l a n t  
was s a t i s f a c t o r y  f o r  shor t - t ime dura t ions?  there e x i s t e d  doubt concerning 
the leak t i g h t n e s s  of the probes under t e s t i n g  cond i t ions  i n  which the  probe 
wnulc! be submerged and sub jec t ed  t o  high f l u i d  v e l o c i t i e s  caused by r o t a t i n g  
par ts .  Therefore  a p a i r  of probes was sub jec t ed  t o  complete submersion i n  
water b a t h  f o r  approximately 110 hours .  For approximately 20 hours t h e  water 
was a g i t a t e d .  A f t e r  the removal of the water the  test cont inued f o r  about  
a n o t h e r  45 hours .  The z e r o  w a s  reset when a g i t a t i o n  w a s  i n i t i a t e d  and a f t e r  
removal of the water. The r e s u l t s  are presented  i n  Table  V. During non- 
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a g i t a t e d  submersion t h e  maximum ze ro  s h i f t  w a s  25 mv, corresponding t o  a n  
e r r o r  of 20 micro inches .  During a g i t a t i o n  t h e  maximum ze ro  s h i f t  w a s  an  
a d d i t i o n a l  18 mv, corresponding t o  14.4 micro inches .  Within an hour of w a t e r  
removal t h e  ze ro  s h i f t  reached a maximum of -30 mv (-24 micro inches )  and 33 
hours  l a t e r  t h e  ze ro  s h i f t  was ze ro  which i s  e s s e n t i a l l y  where it s t ayed  f o r  
t h e  remainder of t h e  test .  Thus t h e  ze ro  s h i f t  due t o  t h e  presence of water 
i s  less than  t h e  zero  s h i f t  permi t ted  by t h e  con t r ac t  work s ta tement  (namely, 
25 micro inches ) .  
Addi t iona l  t es t s  w e r e  conducted wi th  t h e  probe d e t e c t o r  c i r cu i t s  immersed 
i n  an  isothermal  bath which w a s  maintained a t  32 + 1°F. The d a t a  are pre-  
s en ted  i n  Table  V I .  The maximum change i n  output  over  a 24-hour per iod  w a s  
equiva len t  t o  approximately 9 micro inches  displacement .  
- 
Tes t s  us ing  t h e  same appara tus  were a l s o  conducted t o  determine t h e  
long t e r m  s t a b i l i t y  c h a r a c t e r i s t i c s  of t h e  displacement measuring s y s t e m .  
I n  t h i s  test t h e  same p a i r  of probe assembl ies  w a s  used mounted as before .  
The resul ts  are presented  i n  Table  V I .  The combined ou tpu t  s i g n a l s  were 
recorded on a po ten t iome t r i c  s t r i p  c h a r t  ins t rument .  N o  movement between 
probes and s h a f t  w a s  induced. The tes t  w a s  conducted i n  an a i r  condi t ioned  
area maintained a t  77 + 5OF so d i f f e r e n t i a l  thermal  expansion e f f e c t s  would 
be i n s i g n i f i c a n t .  The maximum change i n  output  o f  t h e  probe p a i r  w a s  equiva- 
l e n t  t o  29 micro inches  displacement du r ing  a tes t  pe r iod  of one week. 
- 
These tests w e r e  conducted under n e a r l y  i d e a l  cond i t ions  and provide an 
i n d i c a t i o n  of t h e  u l t i m a t e  accuracy of t h e  displacement  measuring Sys tem.  
I n  a d d i t i o n  t o  e f f e c t s  of water and ze ro  s h i f t ,  t h e  measuring S y s t e m  accuracy 
to l e rance  must i nc lude  effects of s h i f t s  i n  ou tpu t  ve r sus  d e f l e c t i o n  curves ,  
s i g n a l  combining c i r c u i t  s t a b i l i t y  and tempera ture  s e n s i t i v i t y ,  peak-to-peak 
and average l e v e l  d e t e c t o r  accuracy and d i g i t a l  r eco rd ing  S y s t e m  accuracy.  
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3 .  Phase Angle Measurement 
The appa ra tus  shown i n  F igure  17 was set up t o  test t h e  f e a s i b i l i t y  of 
measuring phase a n g l e  between two t y p i c a l  waveforms genera ted  by two Bent ly  
d e t e c t o r s  mounted perpendicular  t o  each o t h e r  ad jacen t  t o  a s i l v e r - p l a t e d  
s h a f t  segment which was mounted i n  a c o l l e t  a t t a c h e d  t o  t h e  s p i n d l e  of a 
modif ied t o o l  p o s t  g r i n d e r .  I n i t i a l  tests were conducted us ing  a Technology 
Instrument  Corp. phase meter (Type 320-AB) without  any i n p u t  f i l t e r s .  This  
instrument  measures  t h e  t i m e  i n t e r v a l  between ze ro  c r o s s i n g s  o f  t h e  two waves 
and is  a .c .  coupled tq t h e  s i g n a l  sources  t o  e l i m i n a t e  any d .c .  components. 
The s i g n a l s  produced by t h e  t w o  Bent ly  d e t e c t o r s  were p ropor t iona l  t o  t h e  
runout  of t h e  s h a f t .  S h a f t  runout during i n i t i a l  tests w a s  approximately 
4 m i l s .  T e s t s  were conducted over  a speed range of 2500-7160 rpm and are shown 
i n  Table  V I I .  The r e s u l t s  i n d i c a t e d  t h a t  phase ang le  measurements were not  
appr-eciabiy a f f e c t e d  by shaf t  speed. Measured phase a n g l e  va r i ed  from 86.5 
I t o  91 degrees  over  a l l  test cond i t ions .  The a c t u a l  a n g l e  between t h e  probes 
was e s t ima ted  t o  be 90 + 1 degrees  and was determined by al ignment  of t h e  
probe c e n t e r s  w i t h  t h e  high po in t  on the  s h a f t  us ing  a s p r i n g  loaded l i n e a r  
v a r i a b l e  d i f f e r e n t i a l  t ransformer  sensor  ( E l e c t r o j e t )  mounted bes ide  t h e  
Bent ly  probe as an  i n d i c a t o r .  
w i t h i n  t h e  l i m i t s  of phase meter c a p a b i l i t y  which is 3 degrees  p lus  o r  minus 
1 pe rcen t  of  f u l l  scale (9Q degrees). 
, -  
This  method of alignment provided accuracy 
The r e s u l t s  of t h e  tests proved t h e  f e a s i b i l i t y  of  making t h e  d e s i r e d  
measurements by measuring phase a n g l e  d i r e c t l y  i n s t e a d  of u s ing  a n  o s c i l l o -  
scope.  However, t he  requirements  of the  test  program are somewhat 
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more d i f f i c u l t  t o  meet than those  e s t a b l i s h e d  du r ing  t h e  f e a s i b i l i t y  tests. 
S i g n a l  l e v e l s  w i l l  be cons ide rab ly  lower and phase ang, le  between f o r c e  and 
displacement s i g n a l s  w i l l  be r e q u i r e d  r a t h e r  t han  between two s i g n a l s  from 
t h e  same type of sou rce .  Under c e r t a i n  test c o n d i t i o n s  t h e  presence of 
f r ac t iona l - f r equency  w h i r l  w i l l  complicate  t h e  phase measuring problem. 
For these  reasons,  a more s o p h i s t i c a t e d  system c o n s i s t i n g  of  a d u a l  channel 
t r a c k i n g  f i l t e r  with a band pass  c e n t e r  frequency, a u t o m a t i c a l l y  a d j u s t e d  t o  
s h a f t  speed w i l l  be used i n  con junc t ion  w i t h  a phase meter d u r i n g  o p e r a t i o n  
of t h e  t e s t  r i g .  Overa l l  system accuracy t o l e r a n c e s  w i l l  be + 0.5 degrees .  
The same system w i l l  be used t o  determine t h e  w h i r l  frequency by connect ing 
t h e  f i l t e r  t r a c k i n g  s i g n a l  t o  a n  a u d i o  osc i l la tor  and manually a d j u s t i n g  t h e  
aud io  frequency t o  o b t a i n  maximum v o l t a g e  o u t p u t  a t  t h e  f i l t e r  o u t p u t .  
- 
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I V .  TEST FACILITY PREPARATION 
The Hydrodynamic Journa l  Bearing T e s t  Rig and suppor t ing  equipment w i l l  
be set up i n  t he  c o n t r o l  room of Bui lding 314. This  a v a i l a b l e  l o c a t i o n  is  
e s p e c i a l l y  s u i t e d  because of  t h e  a i r - cond i t ioned  environment. P lans  are 
underway t o  l o c a t e  the  major p o r t i o n  of the appa ra tus  i n  t h e  a s s igned  area 
a l though the  highl2equency power supply a l o n g  wi th  t he  d i g i t a l  data r eco rde r  
w i l l  remain i n  a n  a d j a c e n t  bu i ld ing .  
Overhaul ope ra t ions  are scheduled f o r  a n  a v a i l a b l e  Ward-Leonard M . G .  
high  frequency power supply.  While the power supply appara tus  is being 
recondi t ioned ,  the  15 horsepower t e s t  r ig  d r i v e  motor w i l l  be checked and 
t h e  two u n i t s  w i l l  be matched f o r  optimum performance. A remotely opera ted  
c o n t r o l  pane l  w i l l  be f a b r i c a t e d  and i n s t a l l e d  i n  t h e  t es t  area f o r  ope ra t ion  
of the M.G. s e t  l o c a t e d  in armther S u i l d i n g  (302). Eievated power c a b l e s  
w i l l  be cons t ruc t ed  t o  connect the two f a c i l i t i e s .  
An a d d i t i o n a l  cable l i n k  w i l l  be r equ i r ed  between Buildings 314 and 309 
t o  connect  t h e  test r i g  ins t ruments  w i t h  the 600 channel d i g i t a l  data r eco rde r  
t h a t  e x i s t s  i n  the  l a t t e r  l o c a t i o n .  This  l i n k  w i l l  provide d i g i t a l  record ing  
of a l l  the  r equ i r ed  jou rna l  bea r ing  test  data. 
The des ign  of t h e  t es t  r i g s  d i s t i l l e d  water loop will he similar to the 
arrangement used i n  t h e  prev ious  bear ing  test  program (NAS 3-2111). 
a new 80 g a l l o n  g l a s s - l i n e d  e l e c t r i c  water hea te r ,  a new water cooled h e a t  
exchanger,  and a new p ip ing  w i l l  be provided t o  maintain the  high p u r i t y  
o f  the  d i s t i l l e d  water l u b r i c a n t .  Addit ional  ins t rumenta t ion  w i l l  be i n s e r t e d  
i n  the loop  p ip ing  f o r  use w i t h  the  d i g i t a l  d a t a  record ing  s y s t e m  i n  a d d i t i o n  
t o  t h a t  r e q u i r e d  f o r  n p e r s t i s x l  pur~cjees. 
However, 
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Building utilities such as cooling water, instrument air, electrical 
power, drains, etc., are being extended to fulfill the requirements of the 
test rig and its auxiliary equipment. 
panels are being designed to house and consolidate all required controls 
and instrumentation. 
In addition, a new set of control 
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TABLE I 
INSTRUMENTATION AND EQUIPMENT LIST 
N a m e  
1 1. D i f f e r e n t i a l  Voltmeter 
I 2. S i n g l e  Channel Recorder 
-I 
3. Proximity Probe 
4 .  Proximity Detector  
5. Power Supply 
6.  Dial-A-Volt 
7 .  Accutron T r a n s i s t o r  Amplif ier  
8 .  E l e c t r o j e t  C a r t r i d g e s  
' 9 .  Linearchek Gage C a l i b r a t o r  
10. Sundstrand Bench Cen te r s  
11. Le i t z  O p t i c a l  Stage 
I 
12.  Osc i l l o scope  
13. O s c i l l o s c o p e  
14. Osc i l l o scope  
15. Phase Meter 
16. D i f f e r e n t i a l  Comparator 
17. Scope C a m e r a  
18. Balance Machine 
Model No. Manufacturer 
80 1 
19301-01-01 
H- 1 - 084- 3 
D152 
D252R 
John Fluke Co. 
Honeywell Corp. 
Bent ly  Nevada 
Bent ly  Nevada 
802B 
DAV46D 
51 
59 2 30 10 8 
59230119 
BC 6"x36" 
1 "xl 
RM561A 
RM535 
8 1 5 1 R  
320-AB 
3A7 
MU- 6 
Har r i son  Lab. Inc .  
General Resis tance Inc.  
S h e f f i e l d  Corp. 
Shef f i e l d  Corp. 
Shef f i e l d  Corp. 
Sundstrand Machine Tool 
Opto-Metric Tools  I n c .  
Tektronix Corp. 
Tek t ron ix  Corp. 
Be ckma n 
Technology I n s t .  Corp. 
ren~.r-onix Corp. 
Dumont 
Micro Balancing Inc.  
rn I-&-- ~ 
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TABLE I 1  
DESCRIPTION OF BEARINGS FOR WHICH DYNAMIC FORCE COEFFICIENTS WERE CALCULATED 
Type of Bearing 
L/D 
P i v o t e d  Pad 
1 .o 
Number of Pads 
Pad Arc, @ , Degrees 
4 
80 
P i v o t  Locat ion ,  8 , Degrees Behind Leading P 
Edge of Pad 44 
Geometric Pre load ,  m 
Machined Pad Radia l  C learance ,  C m i l s  
P’ 
Minimum Clearance ,  CB, m i l s  
0 . 4  
2.5 
1 . 5  
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3 z 
4 
w 
3 
PI 
A 
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TABLE IV 
Probe P a i r  
Desiana t ion  
1 
2 
3 
4 
5 
6 
7 
8 
BENTLY (MODEL H 1084) DISPLACEMENT PROBE 
WATER SENSITIVITY TEST RESULT SUMMARY 
* 
Equiva len t  Change , 
Micro inches  
Output Change 
Due t o  Water, mv 
- 15 - 19 
+10 +13 
+15 +19 
+ 2  + 3  
0 0 
- 4  - 5  
- 5  - 6  
+ 5  + 6  
* 
Based on nominal s e n s i t i v i t y  800 mv/mil. 
Probes were se t  up i n  appa ra tus  shown i n  F igure  40 with  a nominal probe 
t o  s h a f t  gap of 0.010 inch .  
A l l  probes were B e n t l y  type  H1084 w i t h  t e f l o n  end cap  mounted i n  s p e c i a l  
holder .  
Probes 1-8 were used wi th  Bent ly  type  D152 d e t e c t o r s  ( s lope  of s e n s i t i v i t y  
curve is negat ive . )  
Probes 1 R  - 8 R  were used wi th  Bent ly  Type D252R d e t e c t o r s  ( s lope  of 
s e n s i t i v i t y  curve is  p o s i t i v e . )  
A l l  d e t e c t o r s  e x c i t e d  a t  12.75 v o l t s  w i th  Harr i son  Lab Model 802B power 
supply.  
A l l  measurements made wi th  J .  Fluke Model 801B d i f f e r e n t i a l  vo l tme te r .  
T e s t s  were conducted by s e t t i n g  probes a t  a nominal gap of 0.010 from a 
s i l v e r  p l a t e d  shaft segment. Change i n  o u t p u t  l e v e l  was noted as  water was 
sprayed i n  t h e  probe t o  s h a f t  gap. I n  a l l  cases, t h e  ou tpu t  s i g n a l  r e tu rned  
t o  i t s  i n i t i a l  value when t h e  water was removed from t h e  probe t o  s h a f t  gap. 
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TABLE V 
EFFECT OF COMPLETE SUBMERGENCE ON DISPLACEMENT PROBE ZERO SHIFT 
Nominal S e n s i t i v i t y :  800 md/mil 
Zero Reading, 
Date Time ,  hrs . mv - Remarks 
4-22-66 1500 0 Probes submerged 
1600 +10 
1700 + 8  
1800 0 
1900 - 4  
2000 0 
2100 - 4  
2200 - 2  
2300 - 8  
2400 + 4  
4- 23- 66 0100 +10 
0200 +10 
0 300 +10 
0400 + 9  
0500 + 9  
0600 +11 
0700 +11 
0800 +14 
0900 +16 
1000 +15 
1100 +10 
1200 +15 
1300 +13 
1400 +18 
1500 +20 
1600 +25 
1700 +25 
1800 +22 
1900 +22 
2000 +20 
2100 +25 
2200 +22 
2300 +21 
t28 
4-25-66 0800 +24 
1422 0 
1500 +18 
1600 + 2  
1700 + 4  
1800 - 1  
1900 - 5  
2000 - 7  
~ n n n  
Y-ZVV 
Saturday 
Monday 
Zero reset and water a g i t a t e d  
-39- 
TABLE V 
EFFECT OF COMPLETE SUBMERGENCE ON DISPLACEMENT PROBE ZERO S H I F T  
( C o n t i n u e d )  
D a t e  
4- 25- 66 
-
4-26- 66 
4- 27- 66 
T i m e ,  hrs , 
2100 
2200 
2 300 
, 2400 
0100 
0200 
0300 
0400 
0500 
0600 
0700 
0730 
0900 
0950 
1030 
11.00 
1200 
1300 
1400 
1500 
1600 
1700 
1800 
1900 
2000 
2100 
2200 
2300 
2400 
0100 
0200 
0 300 
0400 
0500 
0600 
0700 
0730 
1440 
1540 
1640 
1740 
1840 
Z e r o  R e a d i n g ,  
m v  
-11 
11 
-11 
-11 
- 10 
- 6  
- 3  
- 2  
- 3  
- 2  
- 1  
- 1  
0 
- 30 
- 30 
-14 
-14 
- 10 
- 3  
0 
- 2  
- 7  
- 10 
-11 
-12 
-15 
- 15 
- 15 
-16 
- 13 
- 12 
-14 
-12 
- 10 
-10 
- 10 
- 9  
+ 4  
+ 4  
+ 6  
+ 2  
0 
R e m a r k s  
Water r e m o v e d  and zero reset.  
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TABLE V -
EFFECT OF COMPLETE SUBMERGENCE ON DISPLACEMENT PROBE ZERO SHIFT 
(Continued) 
I - Date  Time, hrs. 
4- 27- 66 1940 
2040 
2140 
2240 
2340 
4-28-66 0040 
0140 
0240 
0340 
0440 
0540 
0640 
0715 
1520 
1620 
1720 
1820 
1920 
2120 
2220 
2320 
4- 29- 66 0020 
0120 
0220 
0320 
0420 
0520 
0620 
0730 
onon nuau 
I 
+ 2  
0 
+ 1  
- 2  
- 1  
0 
0 
0 
- 2  
0 
- 3  
- 2  
- 2  
0 
+15 
+ 5  
+ 2  
0 
0 
+ 1  
+ 4  
+ 5  
+ 6  
+ 6  
+ 6  
+ 6  
+ 5  
+ 7  
+10 
+11 
Zero  Reading, 
mv Remarks 
T e s t  terminated 
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TABLE V I  
D a t e  -
3- 22- 66 
3-23-66 
3-24-66 
3-25-66 
TEMPERATURE S E N S I T I V I T Y  OF DISPLACEMENT PROBE DETECTORS 
T i m e ,  hrs . 
1350 
1450 
1600 
1700 
1800 
1900 
2000 
2100 
2250 
0815 
1120 
1220 
1300 
1635 
1735 
1835 
2035 
2235 
0035 
0235 
0435 
0635 
0835 
1035 
1235 
1435 
1635 
1835 
2035 
2235 
0035 
0235 
0435 
0635 
0835 
1035 
1235 
1345 
1545 
1745 
1945 
2145 
2345 
Z e r o  D r i f t ,  
mv 
0 
+ 3.0 
+ 3.0 
+ 5.0 
+ 3.0 
+ 4.0 
+ 5.5 
+ 7.5 
+11 .o 
+ 7.0 
- 2.0 
+ 2.0 
- 2.0 
+ 5.0 
+ 1.0 
- 3.0 
- 4.0 
- 6.0 
- 3.0 
- 2.5 
- 2.5 
- 4.0 
- 5.0 
- 1.0 
+ 1.0 
+ 2.0 
+ 3.0 
+ 1.0 
- 7.0 
-11.0 
-12.0 
-12.0 
-12.0 
-13.0 
-11 .o 
-11.0 
- 6.0 
0 
- 1.0 
- 2.0 
+ 1.0 
- 7.0 
-10.0 
R e m a r k s  
Z e r o  set w i t h  detectors 
i n  ice bath 
R e m o v e d  detector f r o m  ice bath 
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TABLE V I  
3- 27-66 
3-28-66 
3- 30- 66 
4-1-66 
TEMPERATURE SENSITIVITY OF DISPLACEMENT PROBE DETECTORS 
(Continued) 
Date Time, hrs . 
3-26-66 0145 
0345 
0545 
1745 
0945 
1145 
1345 
1545 
1745 
1945 
2145 
2345 
0145 
0 345 
0545 
0745 
0900 
0810 
1030 
1 2 m  
1630 
0825 
1030 
1640 
0630 
1330 
- Zero D r i f t ,  mv 
-16.0 
-17.0 
-17.0 
-12.0 
-12.0 
-11.0 
-12.0 
-12.0 
-12.0 
-12.0 
-14.0 
-15.0 
-16.0 
-15.0 
-13.0 
-15.0 
-16.0 
-30.0 
-25.0 
0 
-25.0 
-20 .o 
- 8.0 
-36.0 
-20.0 
m n 
--v . v  
Remarks 
Equipment turned off 
Equipment turned on 
Equipment turned on 
Equipment turned off 
Equipment turned on 
Equipment turned off 
I 
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Signal  From 
Bently Probe 
2 
7 
2 
7 
2 
7 
TABLE VI1 
PHASE ANGLE MEASUREMENT DATA 
Phase 
S h i f t  
Degrees 
0 
0 
0 
180 
180 
180 
Speed, rpm 
Meter 2500 4500 6260 7160 
Connection Phase Angle, Degrees 
Norma 1 88 .5  87 .0  8 8 . 5  8 9 . 0  
Reversed 
Normal 
8 8 . 0  88 .0  8 6 . 5  91 .0  
9 1 . 0  9 1 . 0  9 1 . 0  9 1 . 0  
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Figure 3 .  Proficorder. 
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Figure 4 .  Talyrond. 
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Displacement Between Bearing Centerlines 
0.004" Transverse 
Misalignment 
Zero 
Alignment 
E r r o r  E r r o r  
^^ --..I bpricai 0. 000Clae 0.uuuuru 
Proficorder 0.000103 0 . 000126 
Talyrond 0,000073 0.000097 
Angle Between Bearing Centerlines 
I 
FD 
\ 
Zero 0.004" Transverse 
Alignment Misalignment 
E r r o r  E r r o r  
Optical 8 Seconds 8 Seconds 
Proficorder 
Talyrond 
30 SeconcJs 
21 Seconds 
36 Seconds 
29 Seconds 
400 Second 
Misalignment 
E r r o r  
0.000077 
0.000046 
400 Second 
Misalignment 
E r r o r  
10 Seconds 
36 Seconds 
28 Seconds 
J1077-10 
Figure 5. Estimated Alignment Accuracy For Various Alignment Techniques. 
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Telescope Mount 
Reflecting Target 
pper Test Bearing 
Lower Test 
Lower 
Adjustable Lower 
Housing Assembly 
Figure 6 .  Bearing Alignment Using Teleecope. 
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P -  Line 
Sight 
Pro= Hair / Objective 
Reflecting 
iGr r w L 
1 ,  
f = m  
P 
n 
P - P' = f tan x 
I '   
Mirror T i l t e d  
I 
f = m  
J2000-6 
Figure 7 ,  Principle of Autocollimation. 
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Micrometer 
Ad jus tment - 
(Y 1 
i 
‘.1 
Angular Adjusting 
Mechanism 
I 
f Right Angle Eyepiece 
I I 
I 
I 
I 
I 
I- 
le--- 
\ 
Focus 
Adjustment 
Transverse Adjusting 
Mechanism 
I I 
I 
JZOOO-8 
\Telescope 
Housing 
Figure 9 .  Telescope Mounting Assembly. 
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hlODE:.S 901.4 Through 907A 
QUARTZ I'OAD WASTIERS 
Section I 
DESCRIP'TTON 
A. INTRODUCTION 
IGstler Model 9OOA Ser ies  Load Washers are compact, fast-response t ransducers  
fo r  measuring t ransient  lorce phenomena and shor t  t e r m  s ta t ic  loads in tension o r  
cnmprcssion. 
t o  a s ta inless  s teel  washer  having the same  ovcr-all  dimensions. 
Thcsc j , i e L w l C C l K ' l C  lorce tmnscluccrs have L . A . i ( b r m t  rigidity 2qci;.&eiit 
G. SPECIFICATIONS 
X ~ ~ e l  Number 
Sizz (nominal) See Figure 1. . in. 
I 
f Gute r  diameter  (OD). . . . .  in,. 
h i e r  diameter  (ID) . . . . .  in. 
I €;eight (H) 
Wcight (approximate) . . . . .  oz 
I s a n g e ,  F.S. compression . . lb  t 
I Saisitivity (nominal) . . . . .  pCb/lb 
I 
1 . . . . . . . . .  in. 
_- 
I 
I Resolution . . . . . . . . .  l b  
Gverload capacity . . . . .  % 
Capacitance (nominal). . . . .  pf 
I 
Rigidity . . . . . . . . .  10-8in./lb 
- 
Common Specifications, all models: 
9oL4 
1/4 
0.55 
0.26 
0.31 
0.3 
3500 
20 
.Ol 
10 
15 
20 
-
- 
*te sonant frequency (mini mum) . . . . . . .  
Linearity . . . . . . . . . . . . . . . . . . .  
t 
3/8 
902A 
0.87 
0.41 
0.39 
0.7 
8000 
20 
0.01 
10 
6 
40 - 
. . .  
. . .  
k w l a t i o n  resistance (minimum) . . . . . . . . . . .  
Tempera ture  sensitivity . . . . . . . . . . . . . . .  
Tempera ture  range . . . . . . . . . . . . . . . . . . .  
Shock and vibration . . . . . . . . . . . . . . . . . . .  
903A 
1/2 
1. 10 
0.51 
0.43 
1.3 
12 000 
20 
0.01 
10 
4 '  
70 
904A 
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Figure  16 .  Phase Angle T e s t  Se tup .  (C66042709) 
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Figure 20. Schematic Representation of Dynamic Characteristics of Bearing. 
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Figure 23. Variation of Bearing Stiffness with Speed and Side Load. 
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APPENDIX 
NOMENCLATURE 
a 
F 
K 
Kxx, e tc .  
m 
P 
P 
1 R 
S 
W 
I 
X 
Y 
2 
. .  
x, y 
B 
6 
e P  
w 
Distance between bear ing  c e n t e r  and c e n t e r  of  r a d i u s  of cu rva tu re  
of pad, m i l  
F l u i d  f i l m  damping c o e f f i c i e n t ,  l b .  s e c . / i n .  
Radia l  c learance ,  m i l s  
Twice the  r a d i u s  of cu rva tu re  of t h e  p ivot ,  i n .  
Young ' s modulus i n . l b .  
i n .  3 
F l u i d  f i l m  fo rce ,  l b .  
P i v o t  s t i f f n e s s ,  l b . / i n .  
F l u i d  f i l m  s t i f f n e s s ,  l b . / i n .  
Pre load  c o e f f i c i e n t  
Force  on p ivo t ,  l b .  
Radius, i n .  
Sommerfeld Number 
Steady u n i d i r e c t i o n a l  s i d e  load, l b .  
Def l ec t ion  i n  d i r e c t i o n  of s i d e  load,  i n .  
Def l ec t ion  or thogonal  t o  s i d e  load, i n .  
gene ra l  coord ina te  
Time d e r i v a t i v e  of X, Y 
Angular e x t e n t  of pad, degrees  
Displacement of p i v o t  su r f ace ,  i n .  
Angle from l ead ing  edge of pad t o  p i v o t  l o c a t i o n ,  degrees  
Angular speed of r o t o r ,  sec. -1 
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c 
NOMENCLATURE (Continued) 
Subsc r ip t s  
Cosine component 
Refers  t o  bea r ing  p i v o t  
S ine  component 
Refers  t o  x coord ina te  
Refers  t o  y coord ina te  
Refers  t o  s p h e r i c a l  p ivot  
Refers  t o  P lanar  s u r f a c e  i n  contac t  with s p h e r i c a l  p ivo t  
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